The emergence of multidrug-resistant bacteria is a global clinical concern leading some to speculate about our return to a "pre-antibiotics" era of medicine. In addition to efforts to identify novel small-molecule antimicrobial drugs, there has been great interest in the use of metal nanoparticles as coatings for medical devices, wound dressings, and consumer packaging, due to their antimicrobial properties. The wide variety of methods available for nanoparticle synthesis results in a broad spectrum of chemical and physical properties which can affect antibacterial efficacy. This manuscript describes the pulsed laser-ablation in liquids (PLAL) method to create nanoparticles. This approach allows for the fine tuning of nanoparticle size, composition, and stability using post-irradiation methods as well as the addition of surfactants or volume excluders. By controlling particle size and composition, a large range of physical and chemical properties of metal nanoparticles can be explored which may contribute to their antimicrobial efficacy thereby opening new avenues for antibacterial development.
Introduction
Nanoparticles (NPs) are generally defined as particles that have at least one dimension that is less than 100 nm in length. Traditional chemical NP synthesis methods typically require hazardous reducing agents, such as borohydrides and hydrazines. In contrast, laser ablation of solid metal targets immersed in a liquid medium (pulsed laser-ablation in liquids -PLAL) provides an environmentally friendly route for NP synthesis that satisfies all 12 of the Principles of Green Chemistry 1, 2 . In PLAL, a submerged metal target is irradiated by repeated laser pulses. As the laser ablates the target, a dense plume of atomic clusters and vapor is released into the liquid medium wherein NPs rapidly coalesce. NPs produced by PLAL are finely dispersed in an aqueous medium and the size, polydispersity, and composition of the NPs can be easily controlled by varying the aqueous ablation liquid as well as laser parameters 1, 2, 3, 4, 5, 6 . Nanoparticle characteristics can be tuned by adjusting a number of laser parameters, including: fluence, wavelength, and pulse duration (reviewed in reference 7 ). Laser fluence is calculated as the pulse energy divided by the area of the laser spot on the target surface. The precise effects of fluence on the size and polydispersity of NPs are somewhat controversial. In general, it has been shown that for 'long' and 'ultra-short' pulsed laser systems there are low and high fluence regimes that produce negative and positive trends in size, respectively 8, 9, 10, 11 . NP size distributions can be empirically measured using techniques such as dynamic light scattering and transmission electron microscopy (TEM), as described below.
The choice of laser wavelength can affect the physical mechanisms by which the NPs are formed. At shorter (ultraviolet) wavelengths, high energy photons are capable of breaking interatomic bonds 12 . This mechanism of photo-ablation is an example of a top-down NP synthesis because it results in the release of ultra-small fragments of material which tend to produce larger more polydisperse samples upon quenching in the submersion liquid 12, 13, 14 . In contrast, near-infrared ablation (λ = 1,064 nm) yields a bottom-up synthesis mechanism dominated by plasma ablation 12 . Laser absorption by the target frees electrons that collide with, and subsequently free, bound electrons. As collisions increase, the material is ionized, thus igniting a plasma. The surrounding liquid confines the plasma, enhances its stability, and further increases absorption 12 .
As the expanding plasma is quenched by the confining liquid, NPs are condensed with various geometries 4, 12, 15 .
The choice of laser pulse duration can further impact the NP-formation process. Commonly used long-pulsed lasers, with pulse durations greater than a few picoseconds, include all milli, micro, nano and some picosecond pulsed lasers. In this pulse-width regime, the laser pulse duration is longer than the electron-phonon equilibration time, which is typically on the order of a few picoseconds .
The antibacterial activity of NPs is strongly influenced by particle size 21, 22, 23, 24 . In order to enhance size reduction and monodispersity, the NPs can be irradiated a second time using a laser of a wavelength near the surface plasmon resonance (SPR) of the NP. The incident laser radiation is absorbed by the NP through excitation of the SPR. Fragmentation of the NP may occur through either thermal evaporation 25, 26 or Coulomb explosion 27, 28 . The photoexcitation raises the temperature of the NP above the melting point, resulting in the shedding of the outer layer of the particle. It has been shown that adding agents such as polyvinylpyrrolidone (PVP) or sodium dodecyl sulfate (SDS) to the solution can greatly enhance post-irradiation effects 5 . The impact of the addition of various solutes have been described in several reports 1, 4, 6 . The ease of manipulation of NP characteristics by PLAL affords a novel method to develop novel NP-based antimicrobials.
Protocol

Focusing the Nanosecond Laser and Measuring Fluence
1. Assemble the ablation apparatus by placing a magnetic stir bar and a porous ablation stage inside a 50 mL glass beaker.
NOTE: The ablation stage consists of a 3.81 cm diameter, 1.6 mm thick stainless steel platform with ten 0.65 cm diameter holes and six 0.50 cm diameter holes drilled in the pattern illustrated in Figure 1 . The purpose of these holes is to allow the liquid to move across the target so that particles do not accumulate immediately above the target. Insufficient mixing leads to deleterious interactions between the laser and the already-formed particles. Additionally, three #29 (8-32) tapped holes are located near the perimeter of the platform to accept set screws which serve as legs to raise the platform and provide space for a magnetic stir bar ( Figure 1A ). 1. Place the beaker on a magnetic stir plate and set the stir plate upon an xy-translation stage to enable movement of the target during ablation ( Figure 1A ).
2. Set the Nd:YAG laser to operate at the fundamental wavelength of 1,064 nm, with a pulse duration of 5 ns, and a pulse repetition rate of 10 Hz. Measure the energy per pulse with a laser power and energy meter. The energy required is 240-250 mJ. 3. Focus the beam beneath the target on the ablation stage using a 250 mm focal length converging lens (NA = 0.05).
NOTE: The incoming beam has a radius of 4.025 mm and a lens height of 161 mm is required to attain the desired spot size. The optimal spot size is determined empirically. A larger spot size is utilized to reduce the effect of shielding by NPs present in solution. This is balanced with the fact that increasing spot size requires higher energy to maintain adequate fluence. 4. Determine the spot size by placing a metal target (see section 2) on the stage and ablating with several laser pulses. View the ablated target together with a micrometer slide on a CCD camera-equipped light microscope (4X objective) to measure the spot size ( Figure 1A) . NOTE: For the apparatus here, the ablation system yields a spot size with a mean area of 5.51 mm 2 . The spot size remains in this range for each ablation. 
Synthesis of Silver Nanoparticles by Pulsed Laser-ablation in Liquid
1. Weigh a flat silver target using a microbalance to obtain the pre-ablation mass. 2. Adhere the silver target to the porous stage using double-sided carbon tape. Add 40 mL of ablation liquid to the beaker ( Figure 1A) . The liquid height above the target is 11 mm. NOTE: Typical ablation liquids are aqueous solutions containing either 60 mM SDS or 2 mM PVP to enhance monodispersity. 
Characterizing Metal Nanoparticles
1. Collect the nanoparticle solution from the beaker by decanting. Confirm the presence of nanoparticles by measuring their UV-visible light spectra (200-1,100 nm). NOTE: The NPs have a peak-absorption at the surface plasmon resonance (SPR) wavelength. For silver, the SPR is centered at 400 nm. Highly concentrated NP solutions require dilution prior to measuring the UV-VIS spectrum to ensure that the absorbance readings remain within the linear range of the spectrophotometer. where d is the hydrodynamic radius, k is Boltzmann's constant, T is absolute temperature, η is viscosity, and D translational diffusion coefficient or velocity of Brownian motion.
3. Confirm NP size and shape using transmission electron microscopy (TEM) 30 . NOTE: The hydrodynamic diameter measured using DLS is larger than the size measured using TEM due to the solvent layer surrounding the NPs. 
Post-irradiation
1. Dilute the NPs to a maximum concentration of 100 µg/mL in the same ablation solution used in 2.2. This concentration limit is critical to ensure uniform irradiation. 2. Transfer 15-17 mL of the diluted NPs to a quartz cuvette containing a stir bar (Figure 1B) . Place the cuvette on a magnetic stir-plate aligned parallel with the incoming laser. 3. Use a Nd:YAG laser system to produce 25 ps 532 nm laser pulses and a 75 mm focal-length lens to focus the laser on the center of the solution. Irradiate the solution for 30 min to multiple hours, depending on the desired size. NOTE: The total energy delivered depends on the concentration of the solution and time of irradiation and can range from 0.5 mJ to 3.5 mJ.
For the apparatus here, 30 min of post-irradiation of a transparent, low concentration sample (<50 µg/mL) yields silver NPs with a diameter of 10 nm.
Measuring the Antibacterial Properties of the Nanoparticles
NOTE: The toxicity of silver NPs against both Gram-positive (Bacillus subtilis) and Gram-negative (Escherichia coli) was tested 31 . The method is easily adapted to any species; however the efficacious dose of nanoparticles may vary considerably and must be determined empirically. Here, E. coli is used as the model system for the description of the method. There is no negative effect on the bacteria's growth when using these concentrations. This is shown in the -AgNP control in Figure 3 . 3. Add the NPs to the diluted cultures at concentrations ranging from 0-50 µg/mL and grow the cultures with shaking at 37 °C for an additional 2 h. As a positive control for toxicity, treat E. coli with an antibiotic (e.g. 30 µg/mL kanamycin). 4. After the 2 h incubation, serially dilute the culture samples 1:10 into fresh LB and spot 10 µL drops of each dilution onto LB agar plates.
Typically, 10 
Discussion
Reproducible antimicrobial effects of NPs require consistent production of NPs with similar sizes and concentrations. Therefore, it is critical to standardize laser parameters including fluence, wavelength, and pulse duration. While dynamic light scattering is an easy and rapid method for estimating NP size, accurate quantification of the size distribution requires direct measurement by TEM. As each laser beam has distinct characteristics in terms of mode profile and divergence, it is critical to employ an empirical process to yield the optimal fluence and liquid height over the target. Since the size of the nanoparticles can be adjusted by post-irradiation, the efficiency of particle production can be optimized through target mass-loss and optical density measurements.
In contrast to conventional chemical synthesis methods, laser ablation in liquids has the advantage of producing nanoparticles in either pure water or a surfactant solution. There are no precursor compounds to contaminate the cultures and act as interferents. Researchers can produce the nanoparticles in their laboratory in a short period of time for immediate use. The technique is highly reproducible and does not require specialized training or personnel. However, it is important to note the limitations of this method. First, the diversity in shapes of the nanoparticles that are produced by laser ablation in liquids can vary over a wide range. If one is required to target particular aspect ratios or other shape parameters, highly iterative processing would be required if it is possible at all. Perhaps the most significant limitation of this technique is that experiments which require large masses of nanoparticles will be difficult. Gram-scale synthesis can occur, but it is challenging and requires specialized laser equipment 32, 33, 34 .
It is important to note that many metal NPs are light-sensitive. Indeed, irradiation of silver nanoparticles with visible light results in increased antibacterial toxicity 31 . The enhanced efficacy is due to an increase in silver ion release from the NPs. Therefore, it is important to consider whether to perform the PLAL method and store the resulting NPs protected from light.
